Photodynamic Therapy (PDT) using Aminolevulinic acid (ALA) could be an effective and minimally invasively applicable way to treat many different types of tumors without radiation and large incisions by just applying a light pulse. However the PDT process is difficult to observe, control and optimize and the dynamical relationships between the variables involved in the process is complex and still hardly understood. One of the main variables affecting the outcome of the process is the determination of the interval of time between ALA inoculation and starting of light delivery. This interval, better known as drug-light interval, should ensure that enough Protoporphyrin IX (PPIX) is located in the vicinity of functional structures inside the cells for the greatest damage during the PDT procedure. One route to better estimate this time interval would be by predicting PPIX from the dynamical changes of its precursors. For that purpose, in this work a novel optical setup (OS) is proposed for differentiating fluorescence emitted by Coproporphyrin III (CPIII) and PPIX itself in samples composed of mixed solutions. The OS is tested using samples with different concentrations in mixed solutions of PPIX and the precursor CPIII as well as with a Polymethyl methacrylate test sample as additional reference. Results show that emitted fluorescence of the whole process can be measured independently for PPIX and its precursor, which can enable future developments on PPIX prediction from the dynamical changes of its precursor for subject-dependent drug-light interval assessment.
Introduction
The main components of Photodynamic Therapy (PDT) are a photosensitizer (PS), oxygen and light with an appropriate wavelength. Since the 1980s studied extensively for different a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 types of tumors. Up to 5.000 publications concerning PDT and about 250 officially reported clinical trials have been generated [1] . Although a positive response and good reproducibility was observed for nearly all types of solid tumors and PDT has been accepted as a treatment in various skin cancers, it is still in a niche within clinical practice for the treatment of cancers. The complex dynamical relationship between the involved variables makes the process difficult to monitor in its entirety which hinders optimization. The methods to apply PS can be categorized into two major groups: first endogenous PS that are generated by the cells themselves, stemming from a precursor molecule and show the highest selectivity, and exogenous PS that are applied to the targeted region or the system in the finished form and can only act from outside the cell. For endogenous PS the role of the metabolic pathway, the Heme Synthesis, is well established as it plays a major part in the accumulation of porphyrins in a number of cancer cells [2] . A PDT process starts with the transport of PS or Precursors inside the tumor, either by exogenously injecting the drug directly into the tumor or by systemic application either orally or via the bloodstream. The latter allows the optimal tumor selectivity of the endogenous route when using aminolevulinic acid (ALA), which is then gradually converted into photoactive molecules inside the tumor cells. In its natural form ALA already appears in the HemeSynthesis yet not in concentrations as high as used in PDT. Coproporphyrin III (CPIII) which can accumulate outside the Mitochondria is one of the direct precursors of Protoporphyrin IX (PPIX) and can show fluorescence which is detectable. Its metabolic form, Coproporphyrinogen III is converted into Protoporphyrinogen III at the transfer into the Mitochondria which then is converted to PPIX and in the last step the transfer of an iron ion by the enzyme Ferrochelatase converts PPIX in Heme. Cancer cells show an accumulation of PPIX due to inactivation or downregulation of Ferrochelatase (Fig 1) .
The PS targeted by the endogenous approach is PPIX. The endogenous approach with the application of ALA is the basic topic of this work. The ultimate goal of PDT is the generation of Reactive Oxygen Species (ROS), which are able to destroy the tumor cells. In the course of treatment the targeted cells can either die off due to apoptosis, necrosis or cause an inflammatory reaction by the immune system. If one of the main PDT components is not present, the reaction will not take place and no ROS will be generated. ROS have an extremely short lifetime, which means that the diffusion range is also extremely short (10-55nm) [3] . Thus, it is not only important to generate ROS, but also to generate them at the right location, namely in the vicinity of functional structures inside the mitochondria in order for them to cause the greatest damage. It is therefore crucial to know if enough PS is in the tumor and if it is located at the right location before the start of irradiation [3] [4] [5] [6] . For this reason it is important to understand the transformation process of ALA to PPIX. If the treatment starts too early or too late, a sufficiently high concentration of PPIX, to produce ROS in strategic locations inside the cell, cannot be ensured. This interval of time between the ALA inoculation and the light delivery is known as "drug-light interval" and is one of the main factors influencing the outcome of a PDT procedure [1] . Nowadays the time for the drug-light interval generally used in clinical applications has been taken following the literature, where the interval has been adjusted for each patient equally [6] . Based on the fluorescence signal of PPIX, the chronological sequence of the intensity values of the fluorescence provides information about this drug-light interval by assuming the biggest peak as the optimal time for radiation. However, just fluorescence by itself gives no further information about the actual position of porphyrins inside the cells. Just the general presence of porphyrins is not enough information to guarantee a high success rate [3] [4] [5] 7] . Since the metabolic pathway of PPIX synthesis is subject to a number of factors that can vary from patient to patient, the drug-light interval should not be assumed to be the same for each patient. Simply waiting for an extended period of time and only looking for fluorescence as the starting point for treatment would give no clear information about the actual localization of PPIX inside the tissue. Waiting too long can mean that the majority of fluorescence stems from porphyrins that have already been excreted from the cells and accumulated in the intercellular volume, around the cells or in the intracellular volume, the cytosol. Targeting PPIX for treatment, at the exact time when it is produced inside the mitochondria is likely the best time to begin treatment since the mitochondria of cancer cells should be the main target to cause apoptosis. This can be deduced specifically by the amount of energy needed to cause the comparable cell death rates between endogenous and exogenous applications [3] [4] [5] [6] [7] . At the stage of extracellular porphyrin accumulation, the photosensitizer can destroy cancer cells but is far less effective for PDT than intracellular Porphyrin since the outcome is less predictable. We propose a new method to ensure this localization of PPIX by monitoring the fluorescence resulting by the direct chemical precursor of PPIX, CPIII, which is formed still outside the mitochondria. An increase in fluorescence signal that can be ascribed to this precursor, directly followed by fluorescence that can only come from PPIX, is likely to show the best starting point for the begin of therapy. For that a constant monitoring of the two precursors and of the PPIX is required and a specialized Optical Setup (OS) is needed for performing differentiation of PPIX and its precursor. So far separate detection methods for the different porphyrins rely on preparing tissue samples after biopsy, to detect different porphyrins. In extracts using High Performance Liquid Chromatography (HPLC) which can give hints about the amount of porphyrins to be expected but does not allow in vivo or in situ detection for online monitoring of concentrations [8] . Other approaches concentrate either on microscopic detection of buildup in cell solutions or are focusing solely on PPIX and not the precursors [9, 10] . In this work we present a novel OS enabling us to differentiate PPIX from its its direct precursor. It involves the monitoring of both involved porphyrins in mixed solution at the same pH, concentrating on the main emission peaks between 600 and 650 nm, after excitation at 405 nm. The main component of the OS is a dynamic high pass filter whose edge can be adjusted within a range of 617-704 nm. The OS has been tested using a sample with different concentrations of PPIX and CPIII as well as with a Polymethyl methacrylate (PMMA) test sample as a reference. The primary benefit of this approach will be the capability to detect PPIX and CPIII separately with CPIII being generated outside the mitochondria while PPIX is generated inside the mitochondria. This will allow us to detect and localize changes in concentration of porphyrins with the additional information about the position of localized concentration changes inside the cells. If the concentration of the precursors CPIII increases measurably and separately from other fluorescence sources, then a following increase in concentration of PPIX can only stem from new PPIX being produced inside the mitochondria. Further work will target the dynamic changes in concentration due to constant syntheses of porphyrins inside the cells in order to track the dynamical changes of precursors and PPIX.
Materials and methods
In order to be able to predict PPIX levels both of its precursors, Uroporphyrin III (UPIII) and CPIII are of importance but since the main emission peaks of CPIII and Uroporphyrin III are only marginally different from one another, separated by less than 5 nm, and UPIII can be expected to only appear in smaller concentrations than CPIII, inclusion of UPIII has been omitted in this study [11, 12] . Our main objective with this work was to develop an optical device able to distinguish between PPIX and CPIII under conditions similar to the intracellular environment of cancer cells [13] . For this purpose a filter fluorometer, further on named Optical Setup (OS), was designed to measure fluorescence at different wavelengths. In order to determine the sensitivity of our OS, experiments were devised to test the ability to monitor and distinguish PPIX and CPIII at different concentrations in mixtures of both porphyrins. The validity of our experimental results was evaluated using a commercial spectrofluorometer (Cary Eclipse Fluorescence Spectrophotometer, Agilent, USA) as reference. In this section the OS, the preparation of the samples the measurement protocols and the control measurements with the commercial spectrofluorometer will be discussed and explained.
Optical setup
As a filter fluorometer the OS has two main functions: excitation and detection of the fluorescence of a mixture of porphyrins which are to be distinguished. A diagram of the OS with the beam path outwards (blue) and the beam path of the signals inwards (red) is shown in Fig 2. As source of excitation, a laser diode (PPM110 405-125, Power Technology, USA) with a central emission wavelength of 405 nm was used. The laser beam was channeled into an optical fiber (Laser Fiber GF300, World of Medicine, Germany) using a beamsplitter (BS1-FF495-Di03-25x36, Semrock, USA), which has a high reflectance for incident light with a wavelength below 495 nm and a high transmittance for light with a wavelength above 495 nm. The tip of the optical fiber in which the excitation beam is channeled was positioned inside a sample containing both CPIII and PPIX, which also allowed us to channel the fluorescence emitted by the samples and transmit it back to the OS. Since the beamsplitter BS1 has high transmittance at wavelengths higher than 495 nm, the light emitted by the sample is transmitted through this beamsplitter. To be able to separate the targeted spectral components of CPIII and PPIX contained in the emitted fluorescence, a long-pass filter (LPF-TLP01-704-25x36, Semrock, USA) was introduced into the signal beam path (Fig 2, red line) , whose reflectance and transmittance were dependent on the light's incident angle towards the filter surface. Transmittance and reflectance of this filter depend on the angle at which the incident light hits the surface of the filter. This tunability is of key importance to distinguish between PPIX and CPIII since the position of the main peaks of their emission can change depending on the conditions inside their environment. To decide the angle of this filter, small samples of the porphyrins in solution were prepared and measured with a spectrophotometer (Cary Eclipse Fluorescence Spectrophotometer). Following this procedure the position of the main peaks was determined to be 618 nm for CPIII and 628 nm for PPIX, hence the angle of the tunable filter (LPF) was set to 57˚in order to reflect light with a wavelength lower than 652 nm and to have a high transmittance for light with longer wavelengths (> 625 nm). The exit beam from BS1 was split by the LPF into a reflected beam and a transmitted beam. The reflected beam contained spectral bands from 495-625 nm and 760-950 nm while the transmitted beam contained bands from 625-760 nm. Since both beams contained spectral components outside the range we are interested in, additional filters were introduced to narrow the contained spectral bands down. One additional filter (BPF-FF02-632/22, Semrock, USA) was set to filter the reflected beam and only leave the spectral range from 607-625 nm to reach Photodiode 1 (PD1, OSD15-5T, Centronic, United Kingdom). For the transmitted beam a second beamsplitter (BS2-FF650-Di01-25x36, Semrock, USA) was also used to filter out unwanted components so that only a spectral band from 625-652 nm could reach Photodiode 2 (PD2, OSD15-5T, Centronic, United Kingdom) (see Fig 2) .
Photodiode fluorescence data acquisition
The final filtered fluorescence was measured with the two PDs mentioned before and the data acquisition was achieved with a NI6009 (National Instrument, United States) card. A Labview interface was implemented for controlling the data acquisition main parameters and to display the obtained signals in real-time for both PDs. During the experiments the sampling frequency was adjusted to 1 Hz and the recording time was 30 seconds for each sample. With the CPIII main emission peak being located in the lower spectral band and the PPIX peak being located in the upper spectral band, a stronger change of intensity in the lower band would indicate a (Fig 3) . For both, A-type and B-type samples there were three testruns for each sample with different concentrations. This allowed us to repeat each measurement three times under comparable conditions. The main objective of these experiments was to prove the capability of our device to distinguish varying concentrations of the two porphyrins in relation to each other but most importantly separately from eachother. To prepare the varying concentrations in the samples, dilution series were created in four steps, starting with the lowest concentration at 15.47 μMol/ l. For each consecutive step the concentration was doubled to get 123.78 μMol/l in the fourth sample. In the first three sets the PPIX concentration was kept static at the highest concentration of 123.78 μMol/l while the CPIII concentration changed from 15.47 μMol/l to 123.78 μMol/l as the highest concentration. In the second set the CPIII concentration was kept at 123.78 μMol/l while the PPIX concentration was gradually changed from 15.47 μMol/l to 123.78 μMol/l (see Fig 3) . Two stem solutions were prepared with equivalent concentrations at 247.56 μMol/l at a pH of 7.4. To confirm the initial peak position of the used porphyrins, the individual stem solutions were analyzed in the Cary Eclipse fluorescence spectrophotometer. Following instructions from the suppliers, the PPIX salt had to be dissolved in a strong acid hence 3.5 mg were dissolved in a volume of 2 ml of one molar HCl. Following the dissolution of the salt the solution was titrated with one molar NaOH to neutral and the remaining volume was filled up to 20 ml with a 50% (v/v) mixture of PBS (VWRVE404-100TABS, VWR, Germany) and Methanol (8388.1, Carl Roth GmbH + Co. KG, Germany). The procedure for the CPIII salt was almost the same with only the first step reversed, where 2 ml of a one molar NaOH solution are used to dissolve the 10 mg CPIII dihydrochloride and one molar HCl was used to titrate to neutral pH. Following titration this solution had only a concentration of 247.56 μMol/l at 16.65 ml. To not further dillute it was decided to adjust the PPIX solution to this concentration by adding 3.31 ml of PBS-methanol mixture. In the end we could use 23.31 ml of PPIX stem solution and 16.65 ml of CPIII stem solution. In order to get the desired samples, the mixtures could now be prepared with concentrations according to the Tables 2  and 3 .
For the static concentration 1 ml of stem solution was filled into an eppendorf test tube. For the changing concentrations the volumina were 0.125 ml for the lowest, 0.25 ml for the next highet, 0.5 ml for the second highest and finally 1 ml for the highest concentration. Each time, every sample had to be filled up to 2 ml except for the one with the highest concentrations. All in all these experiments used up 5.875 ml of PPIX stem solution and 5.875 ml of CPIII stem solution.
Measurement protocol
The first measurements were conducted with the Cary Eclipse Fluorescence Spectrophotometer. For these measurements 1 ml of PPIX stem solution and 1 ml of CPIII stem solution were filled in crystal cuvettes and placed in the measurement chamber of the Spectrometer. The samples were excited with light of a wavelength of 405 nm and the spectrum was recorded between 500 and 700 nm with a step width of 5 nm. The position of the main emission peak of PPIX was located at 628 nm and the position of the main peak of CPIII was located at 617 nm (Fig 4) .
Following the measurements with the Cary the position of the tunable filter was set to 57t owards the incident fluorescence beam. At this angle the position of the edge of the longpass filter was located directly at 625 nm yielding high reflectance for light below 625 nm, which would be reflected in the direction of PD1 and a high transmittance for light with a wavelength above 625 nm which would reach PD2. In accordance with the position of the main emission peaks of PPIX and CPIII, in the set of samples with a changing CPIII concentration PD1 would yield a bigger change in signal intensity than PD2 with increasing CPIII concentration. In the experiments with changing PPIX concentration PD2 would detect a bigger change in intensity than PD1. This difference would allow us to qualitatively detect changes in porphyrin concentrations in living samples for following studies since the buildup of concentrations of CPIII and PPIX are necessarily also linearly correlated. For the sample measurements the tip of the glas fiber was threaded into an injection needle cannula, positioned central in the test tube and held in position with a conventional helping-hand as is used for soldering. The tip of the optical fiber was dipped 5 mm below the surface of the sample solutions leaving approximately 700 to 750 μl of the sample volume to be fully irradiated and the fluorescence was measured via the back channel (Fig 5) . Following our previous work we learned that longer irradiation times at 405 nm, with the used irradiance of 30 mW/cm 2 could cause significant decrease in fluorescence intensity, therefore that irradiation time was drastically reduced [14] . Each sample was measured for 30-40 seconds and the position of the needle was always the same. Each experiment consisted of 4 different samples, with differing concentrations and the experiments could be repeated with 3 different sets of these 4 samples. After all experiments had been performed with our device, tinfoil was used to shield the samples from ambient light and the samples were each measured in the Cary Eclipse Fluorescence Spectrophotometer again.
Results
Each measurement with our filter fluorometer was repeated 3 times with the same sample. The irradiation time and intensity showed no significant difference in fluorescence emission in the three repetitions of the measurements. Fig 6 shows one measurement of CPIII as the raw data and the segment finally used, with voltage as a function of time. It represents one single measurement of CPIII with the red line showing the signal received by PD2 (625-652 nm, the higher wavelength range) and the blue line representing the signal received by PD1 (607-625 nm, the lower wavelength range). The main purpose of the PMMA sample measurements (B1 and B2) was to confirm the measurement conditions and the setting of the device at the begin and the end of each test. A is the offset and C-F are the measured signals from 1 (lowest concentration) to 4 (highest concentration). What we can see is the intensity overall increases linearly from one sample to the next. Fig 7 shows the averages of the measurements seen as a function of the concentration in μMol/l for both types of samples separately (Fig 7A and 7B ) and the development of the differences between the signal received for PD1 and PD2. Each of the single points represents the average of one set of data points recorded over 30-40 seconds at the given time. The measurements were conducted three times to compare the variation between each measurement ( Fig  7A and 7B , PD1 First-Third and PD2 First-Third). What can already be seen in the averages with changing concentration is that the signals received in both PDs change with a different slope. When the CPIII concentration changes in a mixture with constant PPIX concentration, the signal in PD1 rises faster than the signal in PD2. Although the intensity of fluorescence increases due to the increase of porphyrins overall, the intensities of the emitted fluorescence in both wavelength ranges change at a different pace.
The higher importance lies with the behavior of both received signals to each other. When the signal received by PD2, relating more to a range where the peak of PPIX lies changes faster then this means a change in concentration of PPIX. In the other case, if there is a stronger change in PD1, which represents the signal stemming from the range where the peak of CPIII lies, then it naturally means a change in concentration of CPIII. This can be easily expressed Study of Protoporphyrin IX and Coproporphyrin III in mixed samples for Photodynamic Therapy with the change in difference between both PDs (Fig 8) . The average differences between the signals received by both PDs change drastically from the lowest concentration to the highest.
To confirm our measurements and our interpretation of the results, all samples were measured with the spectro-fluorometer again and plotted together (Fig 9) . the samples containing a changing PPIX concentration show a slow decrease in difference when measured with our device. This behaviour indicates an increase of emission intensity in the upper wavelength range. When measured in the spectro-fluorometer the peak of the spectrum must hence also move towards the upper wavelength range with increasing PPIX concentration, which can be seen in Fig 9 (PPIX 1-4) . On the other hand, the samples containing a changing CPIII concentration show a stronger increase of difference between PD1 and PD2. The control with the spectro-fluorometer here shows a movement of the peak towards the lower wavelength range Fig 9 (CPIII 1-4) . With our device this movement appears as an increase of intensity difference between PD1 and PD2. It becomes obvious that the growing fraction of the mixture pushes the peak of the fluorescence emission into the direction of the peak of the pure porphyrin samples (see Fig 4) . The measurements in the spectrofluorometer showed no shifts in the spectrum as would have been expect if significant aggregation of porphyrins had occurred.
Photobleaching would show as an overall decrease in fluorescence intensity as the porphyrins react with singlet oxygen and show no emission, lowered emission intensity or shifted bands due to formation of photoproducts. A significant decrease in intensity could not be observed in 3 consecutive measurements of the same samples. In our previous studies we observed this decrease in intensity over several measurements which led us to decrease the irradiation time to 30-40 seconds for each measurement. Furthermore photobleaching would likely show in the followup measurements with the spectrofluorometer within the spectral ranges measured which did not happen (Fig 9) . We did not observe additional peaks or spreading of the peaks as would be expected in the presence of additional products of reactions with singlet oxygen.
Discussion
Our device allows us to reliably detect increasing levels of porphyrins with peaks in the targeted range between 607 and 652 nm. In our previous studies we were already able to show the linear correlation between increasing porphyrin concentration and increased intensity of the fluorescence emission [14] . The division of the spectrum between the lower and upper wavelength range at 625 nm allows us to detect changes of the two targeted porphyrins, PPIX and CPIII even in mixtures. With our device these concentration changes appear as changes in Study of Protoporphyrin IX and Coproporphyrin III in mixed samples for Photodynamic Therapy difference between the signals recorded by PD1 and PD2. An increase in difference indicates an increasing CPIII concentration. A decrease in difference indicates an increase of PPIX concentration. Our device allows a qualitative measurement of changing compositions in porphyrin solutions and a relative quantitative measurement of total porphyrin concentration. The lowest changing concentration used was 15.47 μMol/l, which can also be seen as the current proven sensitivity of our fluorometer. Literature data for amounts of PPIX that can be expected in living cancer cells point towards 69 μMol/l [2] . The following steps need to focus on using samples of cancer cells to detect changes and test different approaches to treatment and measure the cell kill ratios using our device. Since the decreased activity of the enzyme Ferrochelatase has been reported for several types of cancer our future work will focus on comparisons between different cancer cell lines. As our device is also meant to bridge the limitations of conventional Photodynamic Therapy by approaching the target via an optical fiber, we will test the cancer cells as microtissues. So far we have only provided successful measurements under static conditions, with known concentrations of porphyrins. Dynamical changes need to be provided by changing concentrations within living cells as PPIX and its precursors are created in the heme synthesis, which can be shown by fluorescence measurements [15] . 
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